INTRODUCTION
Aronia chokeberry: Aronia melanocarpa E. is a deciduous shrub native to North America. In Hokkaido, North Japan, the red-purple fruits are widely consumed as juice, wines and jams. The red-purple color of aronia fruits is attributed to the presence of cyanidin 3-glycosides, which show potent antioxidant activity. Recent studies of antho-protocatechuic acid in animals and humans 6 . Moreover, we observed the protective properties of anthocyanin-rich phytochemicals from haskap fruits in rats with metabolic syndrome 7 and the protective effects of aronia and haskap phytochemicals in rats with potassium bromate KBrO 3 -induced renal damage 8 .
The antioxidant effects of aronia fruits have been investigated in component analyses 9, 10 . However, the effects of aronia on visceral fat accumulation, postprandial hyperlipidemia and hyperglycemia in rats with high-fat diet-induced obesity have not been demonstrated.
In the present study, we induced obesity in rats via a high-fat diet and determined whether aronia phytochemicals ameliorate the resulting obesity Experiment 1 . In addition, we identified anti-obesity effectors among the aronia phytochemicals using oral corn oil tolerance tests in rats, and in vivo pancreatic lipase inhibition assays Experiment 2 . Finally, we investigated the effects of the aronia phytochemicals on the postprandial hyperglycemia after sucrose loading in rats Experiment 3 .
MATERIALS AND METHODS

Materials
Aronia phytochemicals were extracted and analyzed using high performance lipid chromatography HPLC and liquid chromatography-mass spectroscopy LC-MS as described previously 8, 11 . Identified anthocyanins in aronia phytochemicals included cyanidin 3-galactoside, cyanidin 3-arabinoside, and cyanidin 3-glucoside, which were present in anthocyanin preparations at 579.1 mmol/g as cyanidin 3-glucoside. Other polyphenols included chlorogenic acid 32.7 mmol/g , catechin 10.7 mmol/g , and caffeic acid 13.9 mmol/g . Anthocyanins in bilberry phytochemicals were used as a positive control and included cyanidin 3-glucoside, cyanidin 3-galactoside, pelargonidin 3-glucoside, peonidin 3-galactoside, delphinidin 3-galactoside, petunidin 3-glucoside and malvidin 3-galactoside. The total anthocyanin content was 824.2 mmol/g as cyanidin 3-glucoside.
3 EXPERIMENTAL DESIGN 3.1 Suppressive effects of aronia phytochemicals on visceral fat accumulation and fasting hyperglycemia in rats Experiment 1 Male Sprague-Dawley rats 4 weeks-old were purchased from Charles River Japan, Inc. Yokohama, Japan . All animals were housed individually in cages with a 12:12-hr light: dark cycle. Temperature and humidity were controlled at 23 1 and 55 10 , respectively. The rats were randomly divided into three groups of six animals. There were no significant differences in body weights, serum triglyceride concentrations, cholesterol concentrations and blood glucose levels between groups at the start of the experimental period. Table 1 Composition of experimental high-fat diets.
were collected from the abdominal aorta. The serum was prepared by centrifugation at 2000 g for 20 min. Serum triglycerides, total cholesterol concentrations, low-density lipoprotein LDL and high-density lipoprotein HDL cholesterol concentrations, and blood glucose levels were analyzed by SRL, Inc., Sapporo, Japan.
3.2 Antihyperlipidemic effects of aronia phytochemicals in oral fat tolerance tests and in vitro pancreatic lipase activity assays Experiment 2 Eighteen 7-weeks-old male Sprague-Dawley rats with an average body weight of 200 g were provided to a standard laboratory diet and water ad libitum for 1 week. The rats were divided into a control group, aronia or bilberry phytochemical-administered containing anthocyanin 300 mg/kg body weight groups six rats in each group . They were fasted for 24 h prior to the corn oil emulsion load experiments, which were performed according to Han s method 13 . Corn oil emulsions 3 mL corn oil, 50 mg sodium cholate, and 3 mL water were orally administered 12.5 mL/kg of body weight and blood samples were collected from the tail veins without an anesthetic at 0, 30, 60, 120, 180, and 240 min after the administration. Serum triglyceride concentrations were measured using a Fuji Dri-Chem 3500V Fujifilm Corp. Tokyo, Japan and lipase activity was measured using a porcine pancreatic lipase Sigma-Aldrich, St Louis, MO, USA according to the method described by Kawasaki et al. 14 .
3.3 Antihyperglycemic effects of aronia phytochemicals in oral sucrose tolerance tests experiment 3 The oral sucrose tolerance tests were performed to determine the short-term effect of aronia phytochemicals on normal rats. Seven-week-old male Sprague-Dawley rats were fed a standard laboratory diet with water ad libitum and were fasted for 24 h before the experiments. Rats were randomly divided into three groups six rats in each group . The first group served as a control and rats were administered normal saline 10 mL/kg oral administration while the other two groups were treated with aronia phytochemicals and bilberry phytochemicals containing anthocyanin 300 mg/kg body weight respectively. Normal saline, aronia phytochemicals and bilberry phytochemicals were administered 30 min prior to the oral sucrose load 2 g/kg body weight at 10 mL/kg . At each sampling point up to 120 min, 5 μL of blood samples was obtained from tail veins and blood glucose levels were immediately measured using a disposable glucose sensor Glutest Pro, Sanwa Chemical, Co., Tokyo, Japan .
STATISTICAL ANALYSIS
All results are expressed as mean standard error of the mean SE . Differences between groups were identified using one-way analysis of variance ANOVA followed by Tukey-Kramer post-hoc tests. Differences were considered significant when P-values of 0.05 were obtained. All statistical analyses were performed using Stat View 5.0 software SAS Institute, Cary, NC .
RESULTS AND DISCUSSION
Suppressive effect of aronia phytochemicals on vis-
ceral fat accumulation and hyperglycemia in rats Experiment 1 As shown in Table 2 , no differences in final body weights, or feed efficiency were observed between the treatments groups. However, food intake tended to be lower in rats fed berry phytochemicals than in those fed a high-fat diet control. Total visceral fat accumulations and organ mass are shown for each treatment group in Table 3 . No significant differences in the liver and the kidney mass were observed between the treatments groups. Perirenal adipose tissue mass was significantly lower in rats fed aronia phytochemicals than that in those fed a high-fat diet with or without bilberry. In addition, wet epididymal Table 2 Effects of consuming aronia phytochenmicals on body weight and food intake in rats for 4 weeks.
adipose tissue mass was lower in rats fed aronia phytochemicals than that in control and bilberry groups. Moreover, mesenteric adipose tissue mass was significantly lower in rats fed aronia phytochemicals than that in control rats, and total visceral fats mass was lower in rats fed aronia phytochemicals than that in the control and bilberry groups. These data suggest that long-term administration of aronia phytochemicals prevent visceral fat accumulation. In a previous study of anthocyanin and obesity, Tsuda et al. showed that the pigment of purple corn, containing high levels of cyanidin 3-glucoside, ameliorated obesity by suppressing mRNA expression of enzymes involved in fatty acid and triacylglycerol synthesis 15 . Moreover, Wang et al.
showed that cyanidin 3-glucoside reduced hyperlipidemia in rats 16 and Quin et al. reported that chokeberry extracts attenuated epididymal adipose tissue accumulation in rats fed a fructose-rich diet 17 . Antiobesity properties of chlorogenic acid and proanthocyanidin, constituents of aronia phytochemicals, have also been reported 18 21 . Hence, aronia phytochemicals, which include various polyphenols such as anthocyanin, are expected to have similar properties. These reports and the present study suggest that the anti-visceral fat accumulation effects of aronia phytochemicals are synergistic because anthocyanin and other polyphenols of aronia cumulatively inhibit the absorption of lipids in the intestine. Also, Islam et al. showed that metabolic disease reflects the composition of the gastrointestinal microbiota in rats with high-fat diets-induced obesity 22 .
Treatment of rats with high-fat diet-induced obesity with aronia phytochemicals resulted in a significant decrease in blood glucose levels Table 4 . No differences in serum triglyceride, total and HDL cholesterol concentration, and liver lipids Table 5 were observed between the treatment Table 3 Effects of aronia phytochenmicals treatment on visceral fat accumulation and organ mass in rats fed a high-fat diet for 4 weeks. Table 4 Effects of aronia phytochemicals treatment on serum biomarkers in rats fed a high-fat diet for 4 weeks.
groups. However, rats fed aronia phytochemicals had significantly lower serum LDL cholesterol concentrations than those fed a high-fat control diet with or without bilberry phytochemicals. Previously, we showed that dietary haskap phytochemicals suppress postprandial hyperlipidemia and hyperglycemia in rats fed a high-fat and high-sucrose diet 7 .
Similarly, Quin et al. have reported that anthocyanin supplementation improves LDL and HDL cholesterol concentrations and enhances cellular cholesterol efflux to serum in humans 23 . Ohta et al. also showed that the total serum cholesterol concentrations in rats fed a high-cholesterol diet were lowered by supplementation with apple polyphenol indicating the mechanisms underlying control of cholesterol absorption by polyphenols 24 . The present data suggests that anthocyanin and other polyphenols in the aronia phytochemicals have similar LDL cholesterol-lowering effects as those documented for tea catechin and apple polyphenol.
Antihyperlipidemic effects of aronia phytochemicals in
oral fat tolerance tests, in vitro pancreatic lipase assays and oral sucrose tolerance tests Experiment 2 In the Experiment 1, we demonstrated that 4-week administration of aronia phytochemicals suppressed visceral fat accumulation and increases in blood glucose. To elucidate the antiobesity mechanism of aronia phytochemicals, we performed oral fat tolerance tests and evaluated the inhibitory effect of aronia phytochemicals on activity of pancreatic lipase, a key enzyme in lipid metabolism. As shown in Fig. 1 , serum triglyceride concentrations were significantly lowered after treatment with aronia phytochemicals 30-240 min after lipid loading compared to that in the control group 0.9 NaCl . The area under the curve AUC was calculated after individual oral fat tolerance test and blood triglyceride concentrations were determined incrementally between 0 to 240 min. Supplementation with aronia phytochemicals significantly reduced AUC compared to the control rats 11,805 1,313 mg/dL min and 19,937 2,470 mg/dL min, respectively . However, no significant differences in AUC were observed between animals supplemented with aronia phytochemicals and bilberry phytochemicals 11,892 1,489 mg/dL min . In accord with these results, Tosca et al. showed improved serum triglyceride levels in guinea pigs administered grape polyphenol 19 . Similarly, Noguchi et al. showed decreased serum triglyceride concentrations in rats fed boysenberries reflecting inhibition of intestinal fat absorption by boysenberry components 25 . Hence, to assess whether aronia polyphenol phytochemicals such as anthocyanin exert similar effects, we investigated the effect of aronia phytochemicals on pancreatic lipase activity Table 6 . In these experiments, IC 50 value of the aronia phytochemicals preparation was 1.50 0.01 mg/ mL, which is similar to that of the tea catechin 1.86 0.02 mg/mL and is higher than that of protocatechuic acid 2.89 0.08 mg/mL and gallic acid 2.64 0.02 mg/mL . After consumption, triglycerides are Table 5 Effects of consuming aronia phytochemicals on liver lipid in rats fed a highfat diet for 4 weeks.
Fig. 1
Effects of aronia phytochemicals on rat serum triglyceride levels after oral administration of lipid emulsion. ■, Five milliliter of a aronia phytochemicals (300 mg/kg B.W. anthocyanin) was dosed in male 7 week-old SD rats. After 30 minutes, corn oil emulsion (2 mL/160 g B. W.) was administered to each rat. ○, Bilberry phytochemicals (300 mg/kg B. W. anthocyanin).
•, Control was administered with the same volume of 0.9% NaCl solution. Each value is the mean ± SE, n=6. Those not sharing a letter differ, p < 0.05.
degraded into fatty acids and monoglycerides by pancreatic lipase and form bile acid micelles that are absorbed by small intestinal epithelial cells. Because anthocyanin also inhibits pancreatic lipase activity 26, 27 , these observations suggest that aronia phytochemicals inhibit the increases in postprandial serum triglycerides and that anthocyanin inhibits enzymes such as lipase. However, no differences in pancreatic lipase activity were observed between the aronia and the bilberry phytochemicals-treated groups. Unidentified polyphenolic polymers and other constituents in the aronia phytochemicals may affect the improvement of visceral fat accumulation in rats. On the other hand, Taira et al. showed that the composition of intestinal microbiota in rats fed aronia phytochemicals ameliorated the disturbance caused by a high-fat diet 28 . These results suggest that some aronia phytochemicals escaped from gastric digestion play a significant role in the prevention of degenerative disease by improving colonic environment. Accordingly, the present antihyperlipidemic observations of aronia phytochemicals markedly increased in obese animals.
Antihyperglycemic effects of aronia phytochemicals in
oral sucrose tolerance tests experiment 3 Long-term supplementation with aronia phytochemicals significantly reduced blood glucose levels in rats fed a highfat and high-sucrose diet experiment 1 . Thus, we investigated the antihyperglycemic effects of aronia phytochemicals by evaluating the blood glucose levels of rats after sucrose loading. These experiments showed that the blood glucose levels at 30 min post sucrose loading were significantly lower in rats receiving the diet supplemented with aronia phytochemicals than that in the control rats Fig. 2 . Subsequently, AUCs were calculated after each oral sucrose tolerance test to determine blood glucose concentrations from 0 to 120 min. Supplementation with aronia phytochemicals significantly reduced AUC compared to the control and bilberry phytochemicals supplemented rats 10,840 580 mg/dL min, 13,596 645 mg/dL min and 12,565 475 mg/dL min, respectively . These results suggest that aronia phytochemicals may have a short-term effect in controlling serum glucose levels. Anthocyanin reportedly inhibits α-glucosidase 29, 30 and the present data and previous studies suggest that aronia phytochemicals inhibit sucrase. Furthermore, Matsui et al. showed that when sweet potato peonidin glucoside was administered following glucose and maltose ingestion, blood glucose levels decreased compared with vehicle, but not sucrose 31 .
However, aronia phytochemicals mainly cy 3-gal ameliorated the increase in blood glucose levels in the sucrose Table 6 Effects of aronia phytochemicals and phenolic components on pancreatic lipase activity.
Fig. 2
Effects of aronia phytochemicals on blood glucose level after oral administration of sucrose. ■, Five milliliter of a aronia phytochemicals (300 mg/kg B. W. anthocyanin) was dosed in male 7 week-old SD rats. After 30 minutes, 10 mL of a 2 g/kg sucrose solution was a d m i n i s t e r e d t o e a c h r a t . ○, B i l b e r r y phytochemicals (300 mg/kg B.W. anthocyanin).
•, Control was administered with the same volume of 0.9% NaCl solution. Each value is the mean ±SE, n=6. Those not sharing a letter differ, p<0.05.
tolerance test, suggesting that anthocyanins have varied effects on α-glucosidase activity. In addition, aronia phytochemicals include chlorogenic acid, which reportedly ameliorates hyperglycemia and type-2 diabetes in animals and human 32 34 . Taken together, the results suggest that anthocyanin and chlorogenic acid in aronia phytochemicals moderate the increases in blood glucose levels by synergistically inhibiting enzymatic degradation of sucrose in the intestine.
CONCLUSION
The present experiments demonstrate that aronia phytochemicals suppress visceral fat accumulation and postprandial hyperlipidemia in rats fed a high-fat diet by inhibiting pancreatic lipase activity and/or intestinal lipid absorption. The data suggest that aronia phytochemicals may be an effective crude drug for the treatment of obesity caused by high-fat diets.
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